An analysis is presented for the heat transfer from molten salt in the copper-chlorine thermochemical cycle for hydrogen production. For this cycle to become economical relative to other existing or developing technologies, effective heat recovery is very important. Heat recovery processes are investigated from molten CuCl (a product of the copper oxychloride decomposition process in the Cu-Cl cycle). Recovering heat from molten CuCl at 500 o C is challenging due to its phase change from liquid to solid. Based on a previous examination of different options for this heat recovery (including atomization with steam generation, casting/extrusion, drum flaker and a rotary spinning atomizer), the casting/extrusion method was deemed advantageous. Hence that process is considered here, with a counter-current air flow as a coolant. Predicted results for axial growth of the solid layer and variations of the coolant and wall temperatures are presented and discussed. The effects of the inner tube diameter and air mass flow rate are also investigated.
intermediate copper chloride compounds, in a closed loop that recycles all chemicals continuously.
The reaction steps of the cycle are shown in Table 3 .
The overall efficiency of the cycle can be improved by recovering heat within the cycle and minimizing the net heat supply to the cycle. If all released heat is recycled internally, the efficiency of the cycle increases significantly [29, 30] . It was shown that for a five-step Cu-Cl cycle, the overall efficiency of the cycle can be improved from 37.2 % with no heat recovery to 53.6% with 100% of heat recovery [30] . Heat loss to the environment was assumed to be 20% in this analysis.
Pinch analysis was used to determine the maximum recoverable heat within the cycle, and where in the cycle the recovered heat can be used efficiently [31] . It was shown that a major part of the potential heat recovery can be achieved by cooling and solidifying molten copper(I) chloride exiting the oxygen reactor which is step 4 of the Cu-Cl cycle. A direct contact heat exchanger for recovering heat from molten CuCl was proposed by Jaber [32] , who evaluated the convective heat transfer between molten CuCl droplets in a counter-current spray flow.
Various options for heat recovery from molten CuCl were examined previously, including atomization with steam generation, casting/extrusion, drum flaker and a rotary spinning atomizer [33] . A casting/extrusion method was found to be the most efficient and reliable method for heat recovery from molten CuCl. Modeling of solidification during a casting process has been investigated by many authors [34] [35] [36] [37] [38] . Most assume that conduction heat transfer is the main transport mechanism, and convective heat transfer from the molten metal to the solid shell is not considered. A number of studies have been reported to predict solidification of liquids flowing through pipes [39] [40] [41] . Sampson et al. [42] developed a mathematical model for solidification of a liquid metal with a low Prandtl number, flowing through a pipe maintained at a subfreezing temperature. Conde et al. [43] presented and solved a two-dimensional model with the commercial software FLUENT to analyze the freezing of water and other liquids in tubes under laminar conditions. Those authors validated their model with experimental results of blocking lengths, provided earlier by Cheung [44] . Most of the previous studies assumed a constant wall temperature.
Recently, Seeniraj and Hari [45] studied the transient freezing of warm liquids flowing through convectively cooled pipes under laminar and turbulent flow conditions. In the limiting case, the results agreed with those reported earlier for steady state and constant temperature boundary conditions.
The objective of this research is to analyze the casting/extrusion method for heat recovery from molten CuCl in the Cu-Cl cycle. The system is similar to a counterflow heat exchanger. The molten material flows inside the tube, and the coolant flows through the annulus. As the molten material cools, its phase changes from liquid to solid. Solidification heat transfer from the molten material is investigated through modeling of the system. Both laminar and turbulent flow conditions are studied. The coolant can be a single phase fluid (e.g. air) or a two-phase fluid (e.g. water/steam), but the focus here is on the former configuration. The aim is to provide useful data to design a heat exchanger for recovering heat from molten copper(I) chloride.
HEAT RECOVERY ANALYSIS IN THE COPPER-CHLORINE CYCLE
Based on a hydrogen production rate of 3 kg/day, the heat flow distribution in the Cu-Cl cycle is calculated and presented in Table 4 . The total heat requirement of the cycle is 8.16 kW while 1.48 kW of heat can be recovered within the cycle through cooling of HCl, O2, and CuCl. About 88% of the total heat recovery can be achieved by cooling and solidifying of molten CuCl which can improve the overall efficiency of the copper-chlorine cycle accordingly. Table 5 shows the effect of heat recovery on the overall efficiency of the cycle. The electrical energy required for the electrolysis step is 62.6 kJ/mol H2 which is equal to 1.08 kW for a hydrogen production rate of 3 kg/day. Heat loss of 20% to the environment is considered in the analysis. The efficiency of the cycle is calculated based on the higher heating value of hydrogen. The overall efficiency of the cycle is improved from 45% when there is no heat recovery, to 51% when 80% of released heat is recovered within the cycle.
A schematic of an indirect contact heat recovery system for molten CuCl is shown in Fig. 1 . Hot liquid (i.e. molten CuCl) enters the pipe at with a uniform temperature , which is greater than the freezing temperature of the liquid, . A coolant at temperature flows in the shell side, counter-currently. The convection heat transfer coefficient of the coolant is assumed to be constant.
The analysis has two steps. Firstly, solidification of a hot liquid flowing in a tube, subjected to an air flow with constant temperature, is modeled. Afterwards, a double-pipe heat exchanger, in which air flows through the outer tube, is investigated.
To model solidification of molten CuCl in a tube, an instantaneous energy balance is applied to a differential element:
The enthalpy change of the flowing liquid is equal to the convective heat transfer from the liquid to the growing solid layer. By introducing the following non-dimensional variables, 
At the solid-liquid interface, the sum of the heat released due to solidification, and the heat flux from the hot liquid to the solidified layer, is equal to the heat flux conducted through the solid layer, i.e.,
By introducing non-dimensional variables and parameters,
the non-dimensional form of Eq. (8) becomes (14) where (15) Heat conduction in the solid layer can be considered in the axial (z) and radial (r) directions.
However, since the solid bulk transport in the axial direction is more significant than heat conduction in the same direction, the z-term of the equation is negligible with respect to the r-terms.
Moreover, the axial growth of the solidified layer is much slower than the rate of change of temperature of the liquid with time. This allows the time derivative of temperature in the heat conduction equation to be neglected for the solid layer [45] . Therefore, the conduction equation in the solid layer is reduced to the following equation
The boundary conditions are as follows
The non-dimensional form of the equation and boundary conditions become
where (22) Solving Eq. (19) subject to the boundary conditions, the temperature distribution in the solid layer is
The value of is obtained from Eq. (23) and substituted in Eq. (14), yielding
Equations (4) and (24) form a set of coupled non-linear partial differential equations with the initial and boundary conditions as follows:
The solidification of the flowing hot liquid is possible only for a certain range of values of parameters. For solidification to begin, should be less than zero when T approaches zero.
Therefore, from Eq. (24),
The condition for the commencement of solidification is 
The spatial distribution of the bulk mean temperature can be found by integrating Eq. (4) with respect to Z:
Substituting Eq. (31) into (24) yields (32) The thickness of the solid layer reaches a steady state when the heat flux from the hot liquid at the interface is equal to heat transfer to the coolant by convection. By replacing , Eq. (32) becomes
Therefore,
In the case of turbulent flow, the correlation proposed by Gnielinski [47] is modified to find the Nusselt number as a function of Rf as follows:
This correlation is valid over the following range of conditions:
The Nusselt number obtained from Eq. (35) is substituted into Eqs. (4) and (24) . Each equation is then discretized using forward difference approximations with a constant step size. The effect of the step size on the results is investigated. The optimum step sizes for t and z are found to be 0.01 and 0.001, respectively. Further reduction of the step sizes by a factor of 2 will cause up to 1% change in the results.
In the next step of the analysis, a counter-current flow in the outer tube is also considered and added to the model. For fully developed laminar flow in the tube annulus, assuming one surface is insulated and the other is held at a constant temperature, the Nusselt number is obtained from tabulated data [46] . An energy balance is applied to a differential element of the fluid:
In each step of the calculation, Tc is updated using Eq. (37) . Equations (4) and (24) are solved simultaneously as described above.
RESULTS AND DISCUSSION
The computed results are compared with past results reported by Seeniraj and Hari [45] for selected values of parameters. The coolant temperature is assumed to be constant. temperature and the length of the heat recovery system is also shown in Figure 6 . While the outer tube radius is fixed, raising the inner tube radius causes an increase in the air temperature. This occurs because the flow in the shell is laminar, and hence the Nusselt number is almost constant.
Therefore, increasing the inner tube radius causes a decrease in the hydraulic diameter which increases the convection heat transfer coefficient in the shell. An increase in the heat transfer rate results in a higher coolant temperature. Therefore, the outlet temperature of the coolant and the length of the heat exchanger are increased significantly by increasing the inner tube radius. The length of the heat recovery system is 29 cm and 53 cm for the inner tube radius of 11 cm and 12 cm, respectively. The outlet temperature of air is 255 o C and 370 o C for the inner tube radius of 11 cm and 12 cm, respectively. As a result, the heat transfer from the molten salt rises.
Increasing the inner tube radius also affects the growth of solid layer. This is illustrated in Fig. 7 .
For a heat recovery system with an inner tube radius of 10 cm, the length of the system is not sufficient to solidify the entire molten salt flowing in the tube. Therefore, as discussed earlier, it is required to increase the inner tube radius and the length of the system to achieve an efficient heat recovery from molten salt. This is also observed in Fig. 7 .
For a heat recovery system with an inner tube radius of 12 cm, the effect of mass flow rate is investigated. Figure 8 demonstrates the variation of the inner wall temperature along the tube. A heat recovery system with a higher air flow rate has a higher heat transfer rate and hence, a longer length. The length of the system is 54 cm and 91 cm for an air flow rate of 3 g/s and 4 g/s, respectively. Since the wall temperature at the top and bottom of the heat recovery system is almost the same for two air flow rates, the variation of wall temperature along the tube is slower for the longer tube.
The heat flux along the heat recovery system is shown in Fig. 9 . As shown in Figs. 6 and 8, both wall and air temperatures rise when increasing the air flow rate. However, the temperature difference, (Tw-Tc) is the same for different air flow rates. Therefore, the heat flux along the heat recovery system is similar for both air flow rates. However, since the length of the heat recovery system is longer for a higher air flow rate, the total heat transfer rate from molten salt over the system is greater for a greater air flow rate. The results presented in this section provide useful data which can assist efforts to design a system for recovering heat from molten copper(I) chloride in the Cu-Cl cycle.
CONCLUSIONS
The present investigation of solidification of a hot liquid flowing through a tube, which is cooled convectively, has yielded several results that improve our understanding of molten CuCl heat recovery. Variations of the liquid bulk mean temperature are evaluated by applying an energy balance to a differential element of the liquid. The growth of a solid layer along the tube is obtained by establishing an energy balance at the solid-liquid interface. The conduction equation is solved in the solid layer to determine the radial distribution of the solid. shown that reducing the inner tube diameter increases the heat exchanger length and increases the outlet temperature of air significantly. Also, increasing the mass flow rate of air increases the total heat flux from the molten salt by increasing the length of the heat exchanger. The results in this paper provide useful data which can assist efforts to design a heat exchanger for recovering heat from molten copper(I) chloride. 
